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Quantum information and communication processing within quantum networks usually employs identical
particles. Despite this, the physical role of quantum statistical nature of particles in large-scale networks remains
elusive. Here, we show that just the indistinguishability of fermions makes it possible a new mechanism of
entanglement transfer in many-node quantum networks. This process activates remote entanglement among
distant sites, which do not share a common past, by only locally counting identical particles and classical
communication. These results constitute the key achievement of the present technique and open the way to a
more stable multistage transfer of nonlocal quantum correlations based on fermions.
I. INTRODUCTION
New avenues have recently been opened in quantum infor-
mation and communication by the transfer of quantum state
among different separated sites [1]. In fact, it allows dis-
tributed quantum computing, a quantum internet and tests of
quantum mechanics foundations within composite quantum
networks [2–4]. Usual state transfer procedures employ iden-
tical particles (that are elementary subsystems such as atoms,
photons, electrons, qubits), where their entanglement plays an
essential role and no effect associated to the statistical nature
of the particles typically shows up. This is due to the fact
that, in these processes, spatial overlap of the wave functions
does not occur in the relevant places so that the identical par-
ticles are distinguishable and behave like non-identical ones.
One may then inquire whether employing identical particles
may lead to new features in the context of quantum communi-
cation by exploiting indistinguishability as a direct resource.
For this to happen, it is required to investigate those situations
where particles spatially overlap, so that particle identity im-
plies their indistinguishability. Identity of particles has been
shown to be useful for some quantum information protocols
[5–14] and for quantum metrology [15, 16]. In this context,
one of the problems which remains to investigate is the role
played by the quantum statistical nature of identical particles
into the mechanisms of entanglement transfer within large-
scale networks.
Among the various mechanisms of many-node state trans-
fer, we focus on the entanglement swapping (ES), which is a
must for large-scale distribution of quantum information [17–
20] and is subject of intense experimental interest [21–26]. ES
is an intrinsically quantum phenomenon which permits to en-
tangle two particles not sharing a common past, each particle
being outside the light cone of the other. ES constitutes a key
process to implement quantum communication [17–20] and is
crucial to build quantum relays and quantum repeaters [1, 27].
So far, in all the implementations, essential ingredients are the
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initial creation of entangled pairs and Bell measurements [28].
In the standard ES process [29], two entangled particle pairs
are initially prepared and a Bell measurement is successively
performed on two particles of the different pairs. As a result,
the other two particles become entangled even if they never in-
teracted [30, 31]. ES has been experimentally realized using
identical but distinguishable particles (photons) by applying
the usual operational framework for non-identical particles,
based on particle addressability (local operations and classical
communication (LOCC)) [32]. The initial entangled pairs of
photons are typically created by spontaneous parametric down
conversion (SPDC) [21–25]. Recently, ES has been success-
fully achieved in a quantum network, entangling two photons
over a distance of 100 km [26]. Multiple ES has been the-
oretically proposed and experimentally realized by extension
of the standard protocol [33–36]. The overall success of the
process is influenced by the low creation rate of photon pairs
in SPDC [37–39] and by the inefficiency in the realization of
Bell measurements [23, 28, 40–45].
In this work we present a new process of entanglement
transfer in a many-node quantum network, where neither
initial entangled particle pairs nor Bell measurements are
needed, exploiting indistinguishability of fermions. Although
the idea of using indistinguishability of identical particles to
generate entanglement is not a new one, the present process
shows that remote entanglement among distant sites can be
generated by only locally counting particles. These charac-
teristics constitute the key achievement of the present tech-
nique. In the presence of spatial overlap, the identity of par-
ticles makes them individually unaddressable. Therefore, we
employ an approach based on spatially localized operations
and classical communication (sLOCC), where single-particle
local measurements are made onto assigned spatial regions
[13, 14] (closer to the spirit of quantum field theory). We fi-
nally compare this process to that with bosons.
II. BASIC PROCESS WITH FERMIONS
Experimental techniques to control fermions in quantum
networks have been recently developed [46–52]. In the fol-
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FIG. 1: Basic process. Scheme for the entanglement transfer by four
independently-prepared indistinguishable fermions, with a shared in-
termediate node M. The delocalized spatial modes α and β par-
tially overlap in correspondence of the intermediate node M. Post-
selection by sLOCC leaves two fermions with opposite pseudospins
in the central node M and two entangled fermions in the extreme
nodes, A and B.
lowing we focus on unveiling remarkable aspects introduced
by both fermionic statistics and spatial overlap in the process
of remote entanglement distribution.
To this aim, we first describe the basic process which serves
as the elementary step for the extension to a many-node quan-
tum network. As displayed in Fig. 1, we take four identical
fermions (two pairs), prepared by four independent (space-
like separated) sources {Si, i = 1, ..., 4}. Each particle is
sent to the corresponding beam splitter BSi. The two sources
S1 and S2 independently prepare two fermions with oppo-
site pseudospin. Each beam splitter sends the particle with
the same amplitude into two separated sites A and M, so
that each particle is in the same delocalized spatial mode
|α〉 = (|A〉 + |M〉)/√2. Similarly, sources S3 and S4 gener-
ate the fermions of the second pair with opposite pseudospin
in the delocalized spatial mode |β〉 = (|M〉+ |B〉)/√2 (right
side of Fig. 1). The modes |α〉 and |β〉 partially overlap in
the shared intermediate node M and the I-th node (I = A, M,
B) is chosen such that only the localized bound state |I〉 is
present. The condition that particles are in the chosen local-
ized bound states can be assured by keeping only the cases
when local detectors do not measure particles elsewhere and
by classically communicating the results. The initially pre-
pared four-fermion state |Ψ(4)f 〉 can be then formally obtained
from |α ↓, α ↑, β ↓, β ↑〉 by dropping, because of the Pauli ex-
clusion principle, the terms with the same pseudospins in the
central node (same spatial state |M〉) [53]. The ultimate scope
is to generate entanglement between particles in the far nodes
A and B. This can be achieved by using sLOCC [14], which
here consist in a post-selection locally counting only one par-
ticle of the first pair in A and one particle of the second pair in
B and using classical communication among these sites (this
counting implies that in the central node M there are two par-
ticles). The classical communication allows sites A and B
to know when an entangled pair is obtained. Notice that the
local counting operation is a free operation with respect to en-
tanglement [54]. Such a post-selection can be implemented
utilizing, for instance, absorbtionless particle-counting detec-
tors in A and B, which do not disturb the pseudospin state
[9, 55–57]. Similar non-demolition measurements are applied
in the other post-selections by sLOCC used along the paper.
One then gets the post-selected global state (see Appendix
A)
|Ψ(4)f,PS〉 = |ΨM,Ψ−AB〉, (1)
where
|ΨM〉 = |M ↑,M ↓〉 , |Ψ−AB〉 =
|A ↓,B ↑〉 − |A ↑,B ↓〉√
2
.
(2)
We have thus obtained a maximally entangled state of two-
particle pseudospins over the distant nodes A and B, despite
the latter are always independent and the particles do not share
any common past. We stress that if the four particles are not
identical, the same post-selection procedure does not give rise
to an entangled state. The state of Eq. (1) is obtained with
probability (see Appendix B) Pf(4) = |〈Ψ(4)f,PS|Ψ(4)f 〉|2 =
〈Ψ(4)f |Πˆf |Ψ(4)f 〉 = 2/9, where Πˆf =
∑
σ,τ=↑,↓ |A σ,M ↑,
M ↓,B τ〉〈A σ,M ↑,M ↓,B τ | is the projector onto the
(AMB)-operational subspace. We remark that this entangle-
ment distribution is reached without entanglement-inducing
Bell measurements on the central particles, but just exploit-
ing the indistinguishability of non-interacting fermions in M.
In fact, the spatial overlap of fermions in the shared interme-
diate site M plays the key role of an entanglement-transfer
gate. Schemes for entanglement swapping without Bell mea-
surements have been proposed in contexts where interaction
is essential (e.g., cavity QED) [41, 42, 58, 59].
III. LARGE-SCALE PROCESS WITH FERMIONS
The basic scheme of Fig. 1 can be straightforwardly iter-
ated to create a remote entanglement transfer in a many-node
quantum network. This is achieved by means of n identi-
cal fermions and k = N − 1 shared intermediate nodes Mi
(i = 1, . . . , k), where N = n/2 is the number of particle
pairs. As displayed in Fig. 2, each j-th pair (j = 1, . . . , N )
has opposite pseudospins and spatial mode |αj〉, with |α1〉 =
(|A〉 + |M1〉)/
√
2, |αN 〉 = (|Mk〉 + |B〉)/
√
2 and |αj〉 =
(|Mj−1〉+ |Mj〉)/
√
2 for j = 2, . . . , k. The aim is to activate
entanglement of particles in the remote far nodes A and B of
the network. The modes |αi〉 and |αi+1〉 partially overlap in
the shared intermediate node Mi and the I-th node (I = A,
Mi, B) is taken, as already mentioned above, such that only
the localized bound state |I〉 is present. Once again the initial
n-fermion state |Ψ(n)f 〉 can be formally determined starting
from the state |α1 ↓, α1 ↑, . . . , αN ↓, αN ↑〉 simply by drop-
ping, because of the Pauli exclusion principle, the terms hav-
ing the same pseudospins in each intermediate node. After
that, by counting one particle in A and one in B (this entails
that each node Mi contains two particles) and allowing for
3Mk
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<latexit sha1_base64="REr4SjhgU8+QsQFqUhL1N6Ihcsg=">AAACDHicbVC7TgJBFJ31ifhCbUxsJhITK7JrTLQk2lhiIo8ECLk7XHDC7Oxm5q6ErPgJfoWtVnbG1n+w8F/cRQoFT3Vyzn0eP1LSkut+OguLS8srq7m1/PrG5tZ2YWe3ZsPYCKyKUIWm4YNFJTVWSZLCRmQQAl9h3R9cZn79Do2Vob6hUYTtAPpa9qQASqVOYf++5SMBb3XDoQZjwmHLgO4r7BSKbsmdgM8Tb0qKbIpKp/CVzhBxgJqEAmubnhtROwFDUigc51uxxQjEAPrYTKmGAG07mXww5kexBQp5hIZLxSci/u5IILB2FPhpZQB0a2e9TPzPa8bUO28nUkcxoRbZIpIKJ4usMDKNBnlXGiSC7HLkUnMBBojQSA5CpGKcZpVP8/Bmv58ntZOS55a869Ni+WKaTI4dsEN2zDx2xsrsilVYlQn2wJ7YM3txHp1X5815/yldcKY9e+wPnI9vFDebyA==</latexit><latexit sha1_base64="REr4SjhgU8+QsQFqUhL1N6Ihcsg=">AAACDHicbVC7TgJBFJ31ifhCbUxsJhITK7JrTLQk2lhiIo8ECLk7XHDC7Oxm5q6ErPgJfoWtVnbG1n+w8F/cRQoFT3Vyzn0eP1LSkut+OguLS8srq7m1/PrG5tZ2YWe3ZsPYCKyKUIWm4YNFJTVWSZLCRmQQAl9h3R9cZn79Do2Vob6hUYTtAPpa9qQASqVOYf++5SMBb3XDoQZjwmHLgO4r7BSKbsmdgM8Tb0qKbIpKp/CVzhBxgJqEAmubnhtROwFDUigc51uxxQjEAPrYTKmGAG07mXww5kexBQp5hIZLxSci/u5IILB2FPhpZQB0a2e9TPzPa8bUO28nUkcxoRbZIpIKJ4usMDKNBnlXGiSC7HLkUnMBBojQSA5CpGKcZpVP8/Bmv58ntZOS55a869Ni+WKaTI4dsEN2zDx2xsrsilVYlQn2wJ7YM3txHp1X5815/yldcKY9e+wPnI9vFDebyA==</latexit><latexit sha1_base64="REr4SjhgU8+QsQFqUhL1N6Ihcsg=">AAACDHicbVC7TgJBFJ31ifhCbUxsJhITK7JrTLQk2lhiIo8ECLk7XHDC7Oxm5q6ErPgJfoWtVnbG1n+w8F/cRQoFT3Vyzn0eP1LSkut+OguLS8srq7m1/PrG5tZ2YWe3ZsPYCKyKUIWm4YNFJTVWSZLCRmQQAl9h3R9cZn79Do2Vob6hUYTtAPpa9qQASqVOYf++5SMBb3XDoQZjwmHLgO4r7BSKbsmdgM8Tb0qKbIpKp/CVzhBxgJqEAmubnhtROwFDUigc51uxxQjEAPrYTKmGAG07mXww5kexBQp5hIZLxSci/u5IILB2FPhpZQB0a2e9TPzPa8bUO28nUkcxoRbZIpIKJ4usMDKNBnlXGiSC7HLkUnMBBojQSA5CpGKcZpVP8/Bmv58ntZOS55a869Ni+WKaTI4dsEN2zDx2xsrsilVYlQn2wJ7YM3txHp1X5815/yldcKY9e+wPnI9vFDebyA==</latexit><latexit sha1_base64="REr4SjhgU8+QsQFqUhL1N6Ihcsg=">AAACDHicbVC7TgJBFJ31ifhCbUxsJhITK7JrTLQk2lhiIo8ECLk7XHDC7Oxm5q6ErPgJfoWtVnbG1n+w8F/cRQoFT3Vyzn0eP1LSkut+OguLS8srq7m1/PrG5tZ2YWe3ZsPYCKyKUIWm4YNFJTVWSZLCRmQQAl9h3R9cZn79Do2Vob6hUYTtAPpa9qQASqVOYf++5SMBb3XDoQZjwmHLgO4r7BSKbsmdgM8Tb0qKbIpKp/CVzhBxgJqEAmubnhtROwFDUigc51uxxQjEAPrYTKmGAG07mXww5kexBQp5hIZLxSci/u5IILB2FPhpZQB0a2e9TPzPa8bUO28nUkcxoRbZIpIKJ4usMDKNBnlXGiSC7HLkUnMBBojQSA5CpGKcZpVP8/Bmv58ntZOS55a869Ni+WKaTI4dsEN2zDx2xsrsilVYlQn2wJ7YM3txHp1X5815/yldcKY9e+wPnI9vFDebyA==</latexit>
|  #i
<latexit sha1_base64="O8TlmdkrmGDgt7pJaP7PKOnDgD8=">AAACDXicbVC7TgJBFJ31ifhCrYzNRGJiRXaNiZZEG0tM5JEAIXeHC06Ymd3M3JUQJH6CX2GrlZ2x9Rss/BcXpFDwVCfn3OcJYyUd+f6nt7C4tLyymlnLrm9sbm3ndnYrLkqswLKIVGRrIThU0mCZJCmsxRZBhwqrYe9y7Ffv0DoZmRsaxNjU0DWyIwVQKrVy+/eNLmgNvNGO+gasjfoNC6arsJXL+wV/Aj5PginJsylKrdxXOkMkGg0JBc7VAz+m5hAsSaFwlG0kDmMQPehiPaUGNLrmcPLCiB8lDijiMVouFZ+I+LtjCNq5gQ7TSg1062a9sfifV0+oc94cShMnhEaMF5FUOFnkhJVpNsjb0iIRjC9HLg0XYIEIreQgRComaVjZNI9g9vt5UjkpBH4huD7NFy+myWTYATtkxyxgZ6zIrliJlZlgD+yJPbMX79F79d6895/SBW/as8f+wPv4BuO0nDk=</latexit><latexit sha1_base64="O8TlmdkrmGDgt7pJaP7PKOnDgD8=">AAACDXicbVC7TgJBFJ31ifhCrYzNRGJiRXaNiZZEG0tM5JEAIXeHC06Ymd3M3JUQJH6CX2GrlZ2x9Rss/BcXpFDwVCfn3OcJYyUd+f6nt7C4tLyymlnLrm9sbm3ndnYrLkqswLKIVGRrIThU0mCZJCmsxRZBhwqrYe9y7Ffv0DoZmRsaxNjU0DWyIwVQKrVy+/eNLmgNvNGO+gasjfoNC6arsJXL+wV/Aj5PginJsylKrdxXOkMkGg0JBc7VAz+m5hAsSaFwlG0kDmMQPehiPaUGNLrmcPLCiB8lDijiMVouFZ+I+LtjCNq5gQ7TSg1062a9sfifV0+oc94cShMnhEaMF5FUOFnkhJVpNsjb0iIRjC9HLg0XYIEIreQgRComaVjZNI9g9vt5UjkpBH4huD7NFy+myWTYATtkxyxgZ6zIrliJlZlgD+yJPbMX79F79d6895/SBW/as8f+wPv4BuO0nDk=</latexit><latexit sha1_base64="O8TlmdkrmGDgt7pJaP7PKOnDgD8=">AAACDXicbVC7TgJBFJ31ifhCrYzNRGJiRXaNiZZEG0tM5JEAIXeHC06Ymd3M3JUQJH6CX2GrlZ2x9Rss/BcXpFDwVCfn3OcJYyUd+f6nt7C4tLyymlnLrm9sbm3ndnYrLkqswLKIVGRrIThU0mCZJCmsxRZBhwqrYe9y7Ffv0DoZmRsaxNjU0DWyIwVQKrVy+/eNLmgNvNGO+gasjfoNC6arsJXL+wV/Aj5PginJsylKrdxXOkMkGg0JBc7VAz+m5hAsSaFwlG0kDmMQPehiPaUGNLrmcPLCiB8lDijiMVouFZ+I+LtjCNq5gQ7TSg1062a9sfifV0+oc94cShMnhEaMF5FUOFnkhJVpNsjb0iIRjC9HLg0XYIEIreQgRComaVjZNI9g9vt5UjkpBH4huD7NFy+myWTYATtkxyxgZ6zIrliJlZlgD+yJPbMX79F79d6895/SBW/as8f+wPv4BuO0nDk=</latexit><latexit sha1_base64="O8TlmdkrmGDgt7pJaP7PKOnDgD8=">AAACDXicbVC7TgJBFJ31ifhCrYzNRGJiRXaNiZZEG0tM5JEAIXeHC06Ymd3M3JUQJH6CX2GrlZ2x9Rss/BcXpFDwVCfn3OcJYyUd+f6nt7C4tLyymlnLrm9sbm3ndnYrLkqswLKIVGRrIThU0mCZJCmsxRZBhwqrYe9y7Ffv0DoZmRsaxNjU0DWyIwVQKrVy+/eNLmgNvNGO+gasjfoNC6arsJXL+wV/Aj5PginJsylKrdxXOkMkGg0JBc7VAz+m5hAsSaFwlG0kDmMQPehiPaUGNLrmcPLCiB8lDijiMVouFZ+I+LtjCNq5gQ7TSg1062a9sfifV0+oc94cShMnhEaMF5FUOFnkhJVpNsjb0iIRjC9HLg0XYIEIreQgRComaVjZNI9g9vt5UjkpBH4huD7NFy+myWTYATtkxyxgZ6zIrliJlZlgD+yJPbMX79F79d6895/SBW/as8f+wPv4BuO0nDk=</latexit>
|  "i
<latexit sha1_base64="uw9XLP0Nipft1HN/Wjc+GnipkNA=">AAACC3icbVC7TgJBFJ31ifhCLSxsJhITK7JrTLQk2lhiIo+EJeTucMEJM7ObmbsagnyCX2GrlZ2x9SMs/BcXpFDwVCfn3Jt7z4kSJR35/qe3sLi0vLKaW8uvb2xubRd2dmsuTq3AqohVbBsROFTSYJUkKWwkFkFHCutR/3Ls1+/QOhmbGxok2NLQM7IrBVAmtQv7D2EPtAYepglYG9+HFkxPYbtQ9Ev+BHyeBFNSZFNU2oWvsBOLVKMhocC5ZuAn1BqCJSkUjvJh6jAB0YceNjNqQKNrDScBRvwodUAxT9ByqfhExN8bQ9DODXSUTWqgWzfrjcX/vGZK3fPWUJokJTRifIikwskhJ6zMmkHekRaJYPw5cmm4AAtEaCUHITIxzarKZ30Es+nnSe2kFPil4Pq0WL6YNpNjB+yQHbOAnbEyu2IVVmWCjdgTe2Yv3qP36r157z+jC950Z4/9gffxDT20m1I=</latexit><latexit sha1_base64="uw9XLP0Nipft1HN/Wjc+GnipkNA=">AAACC3icbVC7TgJBFJ31ifhCLSxsJhITK7JrTLQk2lhiIo+EJeTucMEJM7ObmbsagnyCX2GrlZ2x9SMs/BcXpFDwVCfn3Jt7z4kSJR35/qe3sLi0vLKaW8uvb2xubRd2dmsuTq3AqohVbBsROFTSYJUkKWwkFkFHCutR/3Ls1+/QOhmbGxok2NLQM7IrBVAmtQv7D2EPtAYepglYG9+HFkxPYbtQ9Ev+BHyeBFNSZFNU2oWvsBOLVKMhocC5ZuAn1BqCJSkUjvJh6jAB0YceNjNqQKNrDScBRvwodUAxT9ByqfhExN8bQ9DODXSUTWqgWzfrjcX/vGZK3fPWUJokJTRifIikwskhJ6zMmkHekRaJYPw5cmm4AAtEaCUHITIxzarKZ30Es+nnSe2kFPil4Pq0WL6YNpNjB+yQHbOAnbEyu2IVVmWCjdgTe2Yv3qP36r157z+jC950Z4/9gffxDT20m1I=</latexit><latexit sha1_base64="uw9XLP0Nipft1HN/Wjc+GnipkNA=">AAACC3icbVC7TgJBFJ31ifhCLSxsJhITK7JrTLQk2lhiIo+EJeTucMEJM7ObmbsagnyCX2GrlZ2x9SMs/BcXpFDwVCfn3Jt7z4kSJR35/qe3sLi0vLKaW8uvb2xubRd2dmsuTq3AqohVbBsROFTSYJUkKWwkFkFHCutR/3Ls1+/QOhmbGxok2NLQM7IrBVAmtQv7D2EPtAYepglYG9+HFkxPYbtQ9Ev+BHyeBFNSZFNU2oWvsBOLVKMhocC5ZuAn1BqCJSkUjvJh6jAB0YceNjNqQKNrDScBRvwodUAxT9ByqfhExN8bQ9DODXSUTWqgWzfrjcX/vGZK3fPWUJokJTRifIikwskhJ6zMmkHekRaJYPw5cmm4AAtEaCUHITIxzarKZ30Es+nnSe2kFPil4Pq0WL6YNpNjB+yQHbOAnbEyu2IVVmWCjdgTe2Yv3qP36r157z+jC950Z4/9gffxDT20m1I=</latexit><latexit sha1_base64="uw9XLP0Nipft1HN/Wjc+GnipkNA=">AAACC3icbVC7TgJBFJ31ifhCLSxsJhITK7JrTLQk2lhiIo+EJeTucMEJM7ObmbsagnyCX2GrlZ2x9SMs/BcXpFDwVCfn3Jt7z4kSJR35/qe3sLi0vLKaW8uvb2xubRd2dmsuTq3AqohVbBsROFTSYJUkKWwkFkFHCutR/3Ls1+/QOhmbGxok2NLQM7IrBVAmtQv7D2EPtAYepglYG9+HFkxPYbtQ9Ev+BHyeBFNSZFNU2oWvsBOLVKMhocC5ZuAn1BqCJSkUjvJh6jAB0YceNjNqQKNrDScBRvwodUAxT9ByqfhExN8bQ9DODXSUTWqgWzfrjcX/vGZK3fPWUJokJTRifIikwskhJ6zMmkHekRaJYPw5cmm4AAtEaCUHITIxzarKZ30Es+nnSe2kFPil4Pq0WL6YNpNjB+yQHbOAnbEyu2IVVmWCjdgTe2Yv3qP36r157z+jC950Z4/9gffxDT20m1I=</latexit>
B
A M1
<latexit sha1_base64="3FCF2CXL+zd2bw7njue+YmnCpOo=">AAACDXicbVC7TgJBFJ3FF+Jr1crYTCQmVmTXmGhJtLHERB4JEHJ3uMCE2dnNzF0JQeIn+BW2WtkZW7/Bwn9xQQoFT3Vyzn2eIFbSkud9Opml5ZXVtex6bmNza3vH3d2r2CgxAssiUpGpBWBRSY1lkqSwFhuEMFBYDfpXE796h8bKSN/SMMZmCF0tO1IApVLLPbhvgIp7wBvtaKDBmGjQMKC7Cltu3it4U/BF4s9Ins1Qarlf6QyRhKhJKLC27nsxNUdgSAqF41wjsRiD6EMX6ynVEKJtjqYvjPlxYoEiHqPhUvGpiL87RhBaOwyDtDIE6tl5byL+59UT6lw0R1LHCaEWk0UkFU4XWWFkmg3ytjRIBJPLkUvNBRggQiM5CJGKSRpWLs3Dn/9+kVROC75X8G/O8sXLWTJZdsiO2Anz2TkrsmtWYmUm2AN7Ys/sxXl0Xp035/2nNOPMevbZHzgf3+ihnDw=</latexit><latexit sha1_base64="3FCF2CXL+zd2bw7njue+YmnCpOo=">AAACDXicbVC7TgJBFJ3FF+Jr1crYTCQmVmTXmGhJtLHERB4JEHJ3uMCE2dnNzF0JQeIn+BW2WtkZW7/Bwn9xQQoFT3Vyzn2eIFbSkud9Opml5ZXVtex6bmNza3vH3d2r2CgxAssiUpGpBWBRSY1lkqSwFhuEMFBYDfpXE796h8bKSN/SMMZmCF0tO1IApVLLPbhvgIp7wBvtaKDBmGjQMKC7Cltu3it4U/BF4s9Ins1Qarlf6QyRhKhJKLC27nsxNUdgSAqF41wjsRiD6EMX6ynVEKJtjqYvjPlxYoEiHqPhUvGpiL87RhBaOwyDtDIE6tl5byL+59UT6lw0R1LHCaEWk0UkFU4XWWFkmg3ytjRIBJPLkUvNBRggQiM5CJGKSRpWLs3Dn/9+kVROC75X8G/O8sXLWTJZdsiO2Anz2TkrsmtWYmUm2AN7Ys/sxXl0Xp035/2nNOPMevbZHzgf3+ihnDw=</latexit><latexit sha1_base64="3FCF2CXL+zd2bw7njue+YmnCpOo=">AAACDXicbVC7TgJBFJ3FF+Jr1crYTCQmVmTXmGhJtLHERB4JEHJ3uMCE2dnNzF0JQeIn+BW2WtkZW7/Bwn9xQQoFT3Vyzn2eIFbSkud9Opml5ZXVtex6bmNza3vH3d2r2CgxAssiUpGpBWBRSY1lkqSwFhuEMFBYDfpXE796h8bKSN/SMMZmCF0tO1IApVLLPbhvgIp7wBvtaKDBmGjQMKC7Cltu3it4U/BF4s9Ins1Qarlf6QyRhKhJKLC27nsxNUdgSAqF41wjsRiD6EMX6ynVEKJtjqYvjPlxYoEiHqPhUvGpiL87RhBaOwyDtDIE6tl5byL+59UT6lw0R1LHCaEWk0UkFU4XWWFkmg3ytjRIBJPLkUvNBRggQiM5CJGKSRpWLs3Dn/9+kVROC75X8G/O8sXLWTJZdsiO2Anz2TkrsmtWYmUm2AN7Ys/sxXl0Xp035/2nNOPMevbZHzgf3+ihnDw=</latexit><latexit sha1_base64="3FCF2CXL+zd2bw7njue+YmnCpOo=">AAACDXicbVC7TgJBFJ3FF+Jr1crYTCQmVmTXmGhJtLHERB4JEHJ3uMCE2dnNzF0JQeIn+BW2WtkZW7/Bwn9xQQoFT3Vyzn2eIFbSkud9Opml5ZXVtex6bmNza3vH3d2r2CgxAssiUpGpBWBRSY1lkqSwFhuEMFBYDfpXE796h8bKSN/SMMZmCF0tO1IApVLLPbhvgIp7wBvtaKDBmGjQMKC7Cltu3it4U/BF4s9Ins1Qarlf6QyRhKhJKLC27nsxNUdgSAqF41wjsRiD6EMX6ynVEKJtjqYvjPlxYoEiHqPhUvGpiL87RhBaOwyDtDIE6tl5byL+59UT6lw0R1LHCaEWk0UkFU4XWWFkmg3ytjRIBJPLkUvNBRggQiM5CJGKSRpWLs3Dn/9+kVROC75X8G/O8sXLWTJZdsiO2Anz2TkrsmtWYmUm2AN7Ys/sxXl0Xp035/2nNOPMevbZHzgf3+ihnDw=</latexit>
|↵1 #i |↵1 "i
<latexit sha1_base64="Twxioz227UDAL7TCwIBLcJuCXQY=">AAACC3icbVA9TwJBEN3DL8Qv1MLCZiMxsSJ3xkRLo40lJqIkHCFzywAb9vY2u3Mag/wEf4WtVnbG1h9h4X/xOCkUfNXLezOZeS8ySjry/U+vMDe/sLhUXC6trK6tb5Q3t65dklqBdZGoxDYicKikxjpJUtgwFiGOFN5Eg/Oxf3OL1slEX9G9wVYMPS27UgBlUru88xCCMn3gYWrA2uQutKB7Ctvlil/1c/BZEkxIhU1Qa5e/wk4i0hg1CQXONQPfUGsIlqRQOCqFqUMDYgA9bGZUQ4yuNcwDjPh+6oASbtByqXgu4u+NIcTO3cdRNhkD9d20Nxb/85opdU9aQ6lNSqjF+BBJhfkhJ6zMmkHekRaJYPw5cqm5AAtEaCUHITIxzaoqZX0E0+lnyfVhNfCrweVR5fRs0kyR7bI9dsACdsxO2QWrsToTbMSe2DN78R69V+/Ne/8ZLXiTnW32B97HN0Kbm1U=</latexit><latexit sha1_base64="Twxioz227UDAL7TCwIBLcJuCXQY=">AAACC3icbVA9TwJBEN3DL8Qv1MLCZiMxsSJ3xkRLo40lJqIkHCFzywAb9vY2u3Mag/wEf4WtVnbG1h9h4X/xOCkUfNXLezOZeS8ySjry/U+vMDe/sLhUXC6trK6tb5Q3t65dklqBdZGoxDYicKikxjpJUtgwFiGOFN5Eg/Oxf3OL1slEX9G9wVYMPS27UgBlUru88xCCMn3gYWrA2uQutKB7Ctvlil/1c/BZEkxIhU1Qa5e/wk4i0hg1CQXONQPfUGsIlqRQOCqFqUMDYgA9bGZUQ4yuNcwDjPh+6oASbtByqXgu4u+NIcTO3cdRNhkD9d20Nxb/85opdU9aQ6lNSqjF+BBJhfkhJ6zMmkHekRaJYPw5cqm5AAtEaCUHITIxzaoqZX0E0+lnyfVhNfCrweVR5fRs0kyR7bI9dsACdsxO2QWrsToTbMSe2DN78R69V+/Ne/8ZLXiTnW32B97HN0Kbm1U=</latexit><latexit sha1_base64="Twxioz227UDAL7TCwIBLcJuCXQY=">AAACC3icbVA9TwJBEN3DL8Qv1MLCZiMxsSJ3xkRLo40lJqIkHCFzywAb9vY2u3Mag/wEf4WtVnbG1h9h4X/xOCkUfNXLezOZeS8ySjry/U+vMDe/sLhUXC6trK6tb5Q3t65dklqBdZGoxDYicKikxjpJUtgwFiGOFN5Eg/Oxf3OL1slEX9G9wVYMPS27UgBlUru88xCCMn3gYWrA2uQutKB7Ctvlil/1c/BZEkxIhU1Qa5e/wk4i0hg1CQXONQPfUGsIlqRQOCqFqUMDYgA9bGZUQ4yuNcwDjPh+6oASbtByqXgu4u+NIcTO3cdRNhkD9d20Nxb/85opdU9aQ6lNSqjF+BBJhfkhJ6zMmkHekRaJYPw5cqm5AAtEaCUHITIxzaoqZX0E0+lnyfVhNfCrweVR5fRs0kyR7bI9dsACdsxO2QWrsToTbMSe2DN78R69V+/Ne/8ZLXiTnW32B97HN0Kbm1U=</latexit><latexit sha1_base64="Twxioz227UDAL7TCwIBLcJuCXQY=">AAACC3icbVA9TwJBEN3DL8Qv1MLCZiMxsSJ3xkRLo40lJqIkHCFzywAb9vY2u3Mag/wEf4WtVnbG1h9h4X/xOCkUfNXLezOZeS8ySjry/U+vMDe/sLhUXC6trK6tb5Q3t65dklqBdZGoxDYicKikxjpJUtgwFiGOFN5Eg/Oxf3OL1slEX9G9wVYMPS27UgBlUru88xCCMn3gYWrA2uQutKB7Ctvlil/1c/BZEkxIhU1Qa5e/wk4i0hg1CQXONQPfUGsIlqRQOCqFqUMDYgA9bGZUQ4yuNcwDjPh+6oASbtByqXgu4u+NIcTO3cdRNhkD9d20Nxb/85opdU9aQ6lNSqjF+BBJhfkhJ6zMmkHekRaJYPw5cqm5AAtEaCUHITIxzaoqZX0E0+lnyfVhNfCrweVR5fRs0kyR7bI9dsACdsxO2QWrsToTbMSe2DN78R69V+/Ne/8ZLXiTnW32B97HN0Kbm1U=</latexit>
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FIG. 2: Many-node quantum network. Scheme for remote entanglement distribution between distant nodes A and B by n independently-
prepared indistinguishable particles with k = N − 1 shared intermediate nodes, being N = n/2 the number of involved particle pairs. This
process is the straightforward generalization of the scheme of Fig. 1.
classical communication as before, the post-selected global
state is
|Ψ(n)f,PS〉 = |ΨM1 ,ΨM2 , . . . ,ΨMk ,Ψ−AB〉, (3)
where |ΨMi〉 = |Mi ↑,Mi ↓〉 and |Ψ−AB〉 is the maximally
entangled (Bell) state of Eq. (2). The probability to obtain
the state above is Pf(n) = |〈Ψ(n)f,PS|Ψ(n)f 〉|2 (see Appendix
A for its explicit expression). Thus, we have generated en-
tanglement of particle pseudospins between the independent
distant locations A and B of the many-node network, starting
with independently-prepared identical fermions, with no Bell
measurements and only using local counting operations. We
remark that all these features make the remote entanglement
activation based on identical fermions deeply different from
the standard processes of entanglement transfer such as ES.
IV. PROCESS WITH BOSONS
The basic setup of Fig. 1 can be also thought to be run
by identical bosons. We shall show that, in this case, a
Bell measurement onto the intermediate site M is eventu-
ally required for achieving the desired entanglement transfer,
similarly to a standard protocol of ES. The sLOCC frame-
work is now realized by locally counting two particles in the
intermediate node M and only one particle in each of the
far nodes A and B, also allowing for classical communica-
tion among the different sites. From the initial (unnormal-
ized) state |α ↓, α ↑, β ↓, β ↑〉, one gets the four-boson post-
selected state (see Appendix C)
|Ψ(4)b,PS〉 =
|ΨM,Ψ+AB〉+ |Φ+M,Φ+AB〉 − |Φ−M,Φ−AB〉√
3
, (4)
where |Φ±M〉 = (|M ↓,M ↓〉 ± |M ↑,M ↑〉)/2, |ΨM〉 is given
in Eq. (2), while the distant sites A and B share the Bell states
|Ψ+AB〉 =
1√
2
(|A ↓,B ↑〉+ |A ↑,B ↓〉),
|Φ±AB〉 =
1√
2
(|A ↓,B ↓〉 ± |A ↑,B ↑〉).
(5)
The presence of these three Bell states is a consequence of
the fact that bosonic systems admit two-particle states with
the same pseudospins in M. As in the standard ES proce-
dure, a joint (Bell) measurement in the shared intermediate
node M determines the entangled state in which the first and
the last boson of the network collapse, each outcome occur-
ring with probability p = 1/3, as seen from Eq. (4). Since
each of the three Bell-state outcomes from the joint measure-
ment in M realizes the desired entanglement transfer over A
and B, the success probability of the process coincides with
the probability of obtaining the post-selected state of Eq. (4),
which is Pb(4) = |〈Ψ(4)b,PS|Ψ(4)b 〉|2 = 6/25. This bosonic
protocol can be then extended, analogously to the standard
multiple ES, by a cascaded procedure [34]. The scheme re-
mains that of Fig. 2 with n independently-prepared identical
bosons and k = N − 1 intermediate nodes (N = n/2). The
sLOCC framework again consists in counting two particles in
each intermediate node and one in the distant nodes A and
B, also allowing for classical communication of the counting
outcomes. One gets the post-selected state |Ψ(n)b,PS〉 and per-
forms Bell measurements step by step on each intermediate
node Mi (i = 1, ..., k) to transfer entanglement over A and
B. The success probability is Pb(n) = |〈Ψ(n)b,PS|Ψ(n)b 〉|2 (see
Appendix C).
V. PROCESS WITH SEPARATED INTERMEDIATE SITES
Notice that a procedure much closer to the standard ES can
be moreover obtained with indistinguishable particles (bosons
or fermions) by employing intermediate separated nodes in-
stead of common intermediate ones.
We take a system made of four identical particles (either
bosons or fermions), prepared by four independent (space-
like separated) sources {Si, i = 1, ..., 4}. Each particle is
sent to the corresponding beam splitter BSi, as depicted in
Fig. 3. The two sources S1 and S2 independently prepare
two particles with opposite pseudospin. Each beam split-
ter sends the particle with the same amplitude into two sep-
arated sites A and C, so that each particle is in the same
delocalized spatial mode |α〉 = (|A〉 + |C〉)/√2. Simi-
larly, sources S3 and S4 generate the particles of the second
pair with opposite pseudospin in the delocalized spatial mode
|β〉 = (|D〉 + |B〉)/√2 (right side of Fig. 3). All the nodes
are spatially separated (the modes |α〉 and |β〉 are orthogo-
nal) and the I-th node (I = A, B, C, D) is chosen such that
4A C B
S1 S2 S3 S4
Bell  
measurement
D
휶 휷
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FIG. 3: Four-node scheme for the entanglement swapping by indis-
tinguishable particles (bosons or fermions). Four independent single-
particle sources Si (i = 1, ..., 4) send each particle to the correspond-
ing beam splitter (BSi). α and β are the (delocalized) spatial modes
peaked in correspondence of the separated spatial nodes A-C and D-
B, respectively. Post-selection by sLOCC leaves only one particle in
each node and Bell measurements are finally performed.
only the localized bound state |I〉 is present. The condition
that particles are in the chosen localized bound states can be
assured by keeping only the cases when local detectors do not
measure particles elsewhere and by classically communicat-
ing the results. The global four-particle quantum state [10] is
therefore |Ψ(4)〉 = |α ↓, α ↑, β ↓, β ↑〉. From this state it is
possible to obtain entanglement in the pseudospin degrees of
freedom linked to the spatial overlap of particles in each pair.
This is achieved by sLOCC [14], which here consist in a post-
selection counting only one particle of the first pair in A and
one particle of the second pair in B and classically communi-
cating this outcome to each other. This post-selection can be
implemented using, for instance, one absorbtionless particle-
counting detector in A and one in B, which do not disturb the
pseudospin state [9, 55–57]. Similar non-demolition measure-
ments are applied in the other post-selections used along the
paper. As a result, each node contains one particle and we
obtain the state (see Appendix D)
|Ψ(4)PS〉 = |ΨAC,ΨDB〉 , (6)
where |ΨAC〉 and |ΨDB〉 are the two-particle Bell states
|ΨAC〉 = 1√
2
(|A ↓,C ↑〉+ η|A ↑,C ↓〉),
|ΨDB〉 = 1√
2
(|D ↓,B ↑〉+ η|D ↑,B ↓〉). (7)
Even if the particles have been independently prepared, as a
consequence of sLOCC, the state |Ψ(4)PS〉 shows that the pair of
particles in A and C is maximally entangled in the pseudospin
degrees of freedom, as the DB-pair. This state is obtained
with probability P (4) = |〈Ψ(4)PS |Ψ(4)〉|2 = 1/4. At this stage
the particles can be distinguished, since they are in spatially
separated sites. We stress that for each pair, if the particles
are not identical, the same post-selection procedure does not
give rise to an entangled state. The structure of the state of
Eq. (6) allows to implement the standard protocol of entan-
glement swapping (ES) [29]: performing a Bell measurement
on near central nodes C and D transfers entanglement to the
particles in the far nodes A and B. Notice that this procedure
does not require, at the preparation stage, two entangled pairs.
The present scheme works for both bosons and fermions, also
when particles of different pairs are not identical. Moreover,
in analogy with the standard ES, it can be naturally iterated by
a cascaded procedure [34] to realize multistage entanglement
swapping with n = 2N independently-prepared particles, be-
ing N the number of involved particle pairs. This is achieved
by using a network with n− 2 separated central nodes, where
each pair of identical particles (either bosons or fermions)
is prepared with opposite pseudospins in an equal delocal-
ized spatial mode peaked in correspondence of two separated
nodes (as shown for the two pairs in Fig. 3). After obtain-
ing a single particle in each central node and performing Bell
measurements step by step onto two central nodes [34], one
eventually entangles the particles in the extreme nodes of the
network with probability P (n) = 1/2N .
VI. CONCLUSIONS
In this work we have presented a new conceptual process of
entanglement distribution in a large-scale quantum network
which is fundamentally activated by indistinguishability of
particles. The standard entanglement swapping, that is the
renowned process for entanglement transfer with distinguish-
able particles, necessitates to start from entangled particle
pairs and requires final Bell measurements [29]. Compared
to this one, the present process, run by identical fermions, en-
ables remote entanglement among distant nodes through the
following different aspects: (i) with no distribution of ini-
tial entangled pairs and (ii) without performing Bell measure-
ments, because of the natural entanglement due to spatially
overlapping identical particles. Therefore, the process only re-
quires local counting of independently-prepared identical par-
ticles. The measurement process, when described on the level
of particles, looks different for indistinguishable and distin-
guishable particles.
Besides its conceptual novelty, the key advantage of this
process is that it simplifies the task of distributing entangle-
ment, overcoming the drawbacks encountered in the usual en-
tanglement transfer procedures during the initial preparation
stage and the final measurement phase. In fact, it skips the
use of sources of entangled particle pairs, which are for in-
stance generated by SPDC at the very low rate of about 10−2
for single laser pulse [38], and also avoids the experimen-
tal inefficiency associated to performing Bell measurements
[23, 28, 40–45].
The proposed fermionic process could be, for instance, re-
alized by using quantum dots as sources of single electrons
that can be initialized in particular spin states [47], emitted on
demand [48] and directed to quantum point contacts acting as
electronic beam splitters [49, 60]. Single electrons have been
also recently shown to be controlled within atomic circuits
[50]. Moreover, further setups in quantum optics, simulat-
ing fermionic statistics using photons and integrated photonics
[51, 52] could, in principle, represent convenient platforms.
Our results make it emerge once more [14] that spatial over-
5lap of identical particles constitutes an operational resource.
In addition, they pave the way to a more stable multistage re-
mote entanglement transfer based on fermions, evidencing the
effect of quantum statistical nature of particles on quantum in-
formation processing.
Acknowledgments. A.C. acknowledges for useful dis-
cussions Dario Cilluffo, Mauro Valeri, Andrea Geraldi and
Emanuele Polino.
Appendix A: Explicit calculations for shared intermediate sites
with fermions
The four-fermion global state |Ψ(4)f 〉 is
|Ψ(4)f 〉 =
1
3
(|A ↓,A ↑,M ↓,M ↑〉+ |A ↓,A ↑,M ↓,B ↑〉
+ |A ↓,A ↑,B ↓,M ↑〉+ |A ↓,A ↑,B ↓,B ↑〉
+ |A ↓,M ↑,M ↓,B ↑〉+ |A ↓,M ↑,B ↓,B ↑〉
+ |M ↓,A ↑,B ↓,M ↑〉+ |M ↓,A ↑,B ↓,B ↑〉
+ |M ↓,M ↑,B ↓,B ↑〉).
(A1)
The sLOCC here consists in counting one particle in A and
one in B (this entails having two particles in M) and allow-
ing for classical communication of the outcomes. Projecting
therefore the above prepared state onto the subspace spanned
by the basis Bf = {|A σ,M ↑,M ↓,Bτ〉} (σ, τ = ↓, ↑), we
find the post-selected state
|Ψ(4)f,PS〉 = |M ↑,M ↓〉 ∧ |Ψ−AB〉 , (A2)
which is obtained with probabilityPf(4) = |〈Ψ(4)f,PS|Ψ(4)f 〉|2 =
2/9. The state |Ψ−AB〉 is the maximally Bell state of Eq. (D5).
The scheme presented for the minimum core with four par-
ticles can be extended to the case of n = 2N particles, where
N is the number of involved particle pairs. The general-
ized scheme with k = N − 1 shared intermediate nodes Mi
(i = 1, . . . , k) is displayed in Fig. 1 of the main text.
Each j-th pair (j = 1, . . . , N ) has opposite pseu-
dospins and (delocalized) spatial mode |αj〉, with |α1〉 =
(|A〉 + |M1〉)/
√
2, |αN 〉 = (|Mk〉 + |B〉)/
√
2 and |αj〉 =
(|Mj−1〉 + |Mj〉)/
√
2 for j = 2, . . . , k. We take as the
initially prepared n-fermion state |Ψ(n)f 〉 the one obtained
from |α1 ↓, α1 ↑, . . . , αN ↓, αN ↑〉 by eliminating, because of
the Pauli exclusion principle, the terms with two particles in
the same node with the same pseudospin. The normaliza-
tion constant Nf of |Ψ(n)f 〉 can be conveniently expressed as
Nf =
√
det(M(n)) where det(M(n)) is the determinant of
the n× n matrix
M(n) =
 〈α1 ↓ |α1 ↓〉 · · · 〈α1 ↓ |αN ↑〉... . . . ...
〈αN ↑ |α1 ↓〉 · · · 〈αN ↑ |αN ↑〉
 , (A3)
defined in the n-dimensional one-particle basis
{|α1 ↓〉 , |α1 ↑〉 , |α2 ↓〉 , |α2 ↑〉 , . . . , |αN ↓〉 , |αN ↑〉}.
The sLOCC framework is once again realized by counting
one particle in each of the nodes A and B (this entails that
two particles are in each node Mi), also allowing for classical
communication of the counting outcomes. The post-selected
global state results to be
|Ψ(n)f,PS〉 = |ΨM1 ,ΨM2 , . . . ,ΨMk ,Ψ−AB〉, (A4)
where |ΨMi〉 = |Mi ↑,Mi ↓〉 and |Ψ−AB〉 is a maximally en-
tangled Bell state (see Eq. (D5)). The probability to ob-
tain the state above, that is the success probability of the
remote entanglement transfer process, is given by Pf(n) =
|〈Ψ(n)f,PS|Ψ(n)f 〉|2. It is straightforward to show that its explicit
expression as a function of the number of fermions is
Pf(n) =
1
2n−1det(M(n)) . (A5)
Appendix B: Scalar products in the no-label formalism
For calculating the success probabilities of the proposed
protocols under different configurations, we need to compute
scalar products between states of n identical particles. These
are obtained by the n-particle probability amplitude defined
in the non-standard approach (no-label particle-based formal-
ism) here adopted [10, 13], whose general expression is
〈ϕ′1, ϕ′2, . . . , ϕ′n|ϕ1, ϕ2, . . . , ϕn〉
:=
∑
P η
P 〈ϕ′1|ϕP1〉〈ϕ′2|ϕP2〉 . . . 〈ϕ′n|ϕPn〉, (B1)
where P = {P1, P2, ..., Pn} in the sum runs over all the one-
particle state permutations, η = ±1 for bosons and fermions,
respectively, and ηP is 1 for bosons and 1 (-1) for even (odd)
permutations for fermions.
Appendix C: Explicit calculations for shared intermediate sites
with bosons
The four-boson global state |Ψ(4)b 〉 is
|Ψ(4)b 〉 =
1
5
|(A + M) ↓, (A + M) ↑, (M + B) ↓, (M + B) ↑〉.
(C1)
The basis for sLOCC, corresponding to counting two par-
ticles in the shared intermediate mode M and one particle
in each mode A and B, is Bb =
{ |A σ,M τ,M σ′,B τ ′〉
Nτσ′
}
(σ, τ, σ′, τ ′ =↓, ↑) where Nτσ′ =
√
1 + 〈τ |σ′〉. The four-
boson post-selected state, after projection onto Bb (also al-
lowing for classical communication), is then
|Ψ(4)b,PS〉 =
1√
6
(|A ↓,M ↑,M ↑,B ↓〉+ |A ↓,M ↑,M ↓,B ↑〉
+ |A ↑,M ↑,M ↓,B ↓〉+ |A ↑,M ↓,M ↓,B ↑〉),
(C2)
6which is found with probability Pb(4) = |〈Ψ(4)b,PS|Ψ(4)b 〉|2 =
6/25.
In the M-subspace, the Bell basis for bosons is given by
the three states |Φ±M〉 = (|M ↓,M ↓〉 ± |M ↑,M ↑〉)/2 and
|ΨM〉 = |M ↑,M ↓〉. The post-selected state |Ψ(4)b,PS〉 can be
then expressed in terms of this Bell basis as
|Ψ(4)b,PS〉 =
|ΨM,Ψ+AB〉+ |Φ+M,Φ+AB〉 − |Φ−M,Φ−AB〉√
3
, (C3)
where in each term the particles in the distant sites A and B are
in a Bell state (see Eq. (D5)). Therefore, each outcome of the
joint Bell measurement successfully realizes the entanglement
swapping over the distant nodes A and B.
The four-particle bosonic protocol can be extended, analo-
gously to the standard ES, by a cascaded procedure [34]. The
scheme is again that of Fig. 2 with n independently-prepared
identical bosons and k = N−1 intermediate nodes (N = n/2
is the number of particle pairs).
The initially prepared n-boson state is
|Ψ(n)b 〉 =
1
Nb |α1 ↓, α1 ↑, α2 ↓, α2 ↑, . . . , αN ↓, αN ↑〉,
(C4)
where the normalization constantNb =
√
perm(M(n)), with
perm(M(n)) being the permanent of the matrix of Eq. (A3).
By counting two particles in each intermediate node and
one in each of the distant nodes A and B, also allowing
for classical communication of the counting outcomes, one
gets the post-selected state |Ψ(n)b,PS〉. Bell measurements are
then performed step by step on each intermediate node Mi
(i = 1, ..., k) to transfer entanglement over A and B. The type
of the final Bell state transferred over A and B will depend
on the consecutive outcomes of the cascaded Bell measure-
ments. The success probability of the protocol is obtained by
Pb(n) = |〈Ψ(n)b,PS|Ψ(n)b 〉|2. Its explicit expression as a func-
tion of the number of bosons, in the cases of Fig. 4, is
Pb(n) =
3
n
2−1
2n−1perm(M(n)) . (C5)
In order to be more explicit concerning the cascaded proce-
dure leading to the Bell states over A and B, we treat the case
with n = 6 bosons (N = 3 pairs) and two shared intermediate
nodes M1, M2. From the initially prepared state |Ψ(6)b 〉, easily
obtained from Eq. (C4), the sLOCC framework counting two
particles in the intermediate nodes and one particle in each
of the far nodes A and B, including classical communication,
leads to the post-selected state
|Ψ(6)b,PS〉 =
√
2
3
(|ΨM1 ,Ψ+AM2〉+ |Φ+M1 ,Φ+AM2〉
− |Φ−M1 ,Φ−AM2〉) ∧ |Ψ+M2B〉 , (C6)
where the relevant Bell states are analogous to those given
after Eq. (C2) and in Eq. (D5). A first Bell measurement has to
be performed on the intermediate node M1 in order to entangle
bosons in A and M2. Any outcome is good for continuing the
protocol. Let us suppose, without loss of generality, that the
result of this first Bell measurement is |Φ−M1〉. From |Ψ
(6)
b,PS〉
above, one sees that the remaining four bosons are left into the
state − |Φ−AM2 ,Ψ+M2B〉. This state, suitably normalized and
expressed in terms of the Bell basis in the node M2, assumes
the form
|Ψ(4)〉AM2B =
|Φ+M2 ,Ψ−AB〉+ |Φ−M2 ,Ψ+AB〉+ |ΨM2 ,Φ−AB〉√
3
.
(C7)
It is now clear that a second Bell measurement on the interme-
diate node M2 has the final effect to transfer a Bell state over
the far nodes A and B. Thus, for six bosons, two cascaded Bell
measurements realize the desired entanglement swapping pro-
tocol. This procedure can be continued analogously for suc-
cessive steps with more particles.
Appendix D: Explicit calculations for separated intermediate
sites
Here, we report the calculations regarding the scheme
above, depicted in Fig. 3 . The prepared state |Ψ(4)〉 can be
written as the superposition of 16 terms
|Ψ(4)〉 =1
4
(|A ↓,A ↑,D ↓,D ↑〉+ |A ↓,A ↑,D ↓,B ↑〉
+ |A ↓,A ↑,B ↓,D ↑〉+ |A ↓,A ↑,B ↓,B ↑〉
+ |A ↓,C ↑,D ↓,D ↑〉+ |A ↓,C ↑,D ↓,B ↑〉
+ |A ↓,C ↑,B ↓,D ↑〉+ |A ↓,C ↑,B ↓,B ↑〉
+ |C ↓,A ↑,D ↓,D ↑〉+ |C ↓,A ↑,D ↓,B ↑〉
+ |C ↓,A ↑,B ↓,D ↑〉+ |C ↓,A ↑,B ↓,B ↑〉
+ |C ↓,C ↑,D ↓,D ↑〉+ |C ↓,C ↑,D ↓,B ↑〉
+ |C ↓,C ↑,B ↓,D ↑〉+ |C ↓,C ↑,B ↓,B ↑〉).
(D1)
In the linear combination of Eq. (D1), there are contri-
butions in which two particles occupy the same site. We
perform sLOCC in the form of a post-selection counting
a single particle in each site A, B and classically com-
municating their outcomes to each other (notice that a
single particle in A entails one particle in C and a single
particle in B implies one particle in D). This post-selection
corresponds to project the global four-particle state |Ψ(4)〉
onto the subspace spanned by the spatially localized basis
B = {|A σ,C τ,D σ′,B τ ′〉}, by the projector ΠˆACDB =∑
σ,τ,σ′,τ ′=↓,↑ |A σ,C τ,D σ′,B τ ′〉〈A σ,C τ,D σ′,B τ ′|.
The post-selected (projected) state is thus obtained as
|Ψ(4)PS〉 = ΠˆACDB|Ψ(4)〉/N , (D2)
where N =
√
〈Ψ(4)|ΠˆACDB|Ψ(4)〉 = 1/2. Its explicit ex-
pression is
|Ψ(4)PS〉 =
1√
2
(|A ↓,C ↑〉+ η|A ↑,C ↓〉)
∧ 1√
2
(|D ↓,B ↑〉+ η|D ↑,B ↓〉),
(D3)
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FIG. 4: Success probability to implement multiple entanglement
transfer as a function of the number of particles n, for separated
nodes with either bosons or fermions (P (n), green squares) and for
shared intermediate nodes with fermions (Pf(n), orange points) and
with bosons (Pb(n), blue triangles).
that is |Ψ(4)PS〉 = |ΨAC,ΨDB〉 (see Eqs. (6) and (7) above).
In Eq. (D3) we have used the wedge product ∧ that, in this
case of separated sites under sLOCC, coincides with the stan-
dard tensor product [13]. This state is obtained with prob-
ability P (4) = |〈Ψ(4)PS |Ψ(4)〉|2 = 1/4. Notice that in this
sLOCC framework, the prepared state |Ψ(4)〉 can be written as
|Ψ(4)〉 = |α ↓, α ↑〉 ∧ |β ↓, β ↑〉, from which one then obtains
particle entanglement between (A, C) and (D, B), as evidenced
in Eq. (D3). This is linked to the concept of indistinguishabil-
ity as a resource by sLOCC introduced in Ref. [14].
Since the sites (A, C) and (D, B) are separated, the identical
particles can be distinguished by their spatial location. Once
got the post-selected state |Ψ(4)PS〉, the entanglement swapping
proceeds following the lines of the standard protocol for dis-
tinguishable particles [29]. A Bell measurement is therefore
performed on the intermediate nodes (C, D) to obtain entan-
glement over the far nodes A and B. In fact, one can write
|Ψ(4)PS〉 =
1
2
[|Ψ+CD,Ψ+AB〉 − |Ψ−CD,Ψ−AB〉
+ η|Φ+CD,Φ+AB〉 − η|Φ−CD,Φ−AB〉],
(D4)
where
|Ψ±IJ〉 =
1√
2
(|I ↓, J ↑〉 ± |I ↑, J ↓〉),
|Φ±IJ〉 =
1√
2
(|I ↓, J ↓〉 ± |I ↑, J ↑〉),
(D5)
with IJ=AB, CD. The result of the Bell measurement does
not depend on the particle statistics, as expected from the fact
that the post-selected state describes identical particles in sep-
arated spatial regions under sLOCC.
The previous protocol can be straightforwardly extended
to multiple entanglement swapping (with n = 2N indepen-
dently prepared particles, being N the number of involved
particle pairs), in analogy to the case of distinguishable parti-
cles [34], by a cascaded procedure with a success probability
P (n) = 1/2
n
2 .
Appendix E: Probabilities of success
We finally compare the efficiency of the protocol for the
various cases treated above, given the prepared state before
post-selection. We have already seen that, in the case of
separated nodes, the success probability for both bosons and
fermions is P (n) = 1/2
n
2 (see green squares in Fig. 4). In the
case of shared intermediate nodes, the success probabilities
Pf(n) for fermions and Pb(n) for bosons decrease as a func-
tion of the particle number similarly to P (n), as displayed in
Fig. 4 (orange points and blue triangles, respectively). From
the experimental viewpoint, one has to take into account that
the requirement of Bell measurements further hinders the pro-
tocol efficiency [23, 28, 40–45]. Therefore, the fermionic pro-
cess results in being not only qualitatively different, but also
more advantageous from a practical viewpoint than the other
procedures that necessarily require Bell measurements.
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